Abstract: A compressed spectrum is an anticipated hideout for many beyond standard model scenarios. Such a spectrum naturally arises in the minimal universal extra dimension framework and also in supersymmetric scenarios. Low p T leptons and jets are characteristic features of such situations. Hence, a monojet with E T has been the conventional signal at the Large Hadron Collider (LHC). However, we stress that inclusion of p T -binned track observables from such soft objects provide very efficient discrimination of new physics signals against various SM backgrounds. We consider two benchmark points each for minimal universal extra dimension (MUED) and minimal supersymmetric standard model (MSSM) scenarios. We perform a detailed cut-based and multivariate analysis (MVA) to show that the new physics parameter space can be probed in the ongoing run of LHC at 13 TeV center-of-mass energy with an integrated luminosity ∼ 20-50 fb −1 . When studied in conjunction with the dark matter relic density constraint assuming standard cosmology, we find that compressed MUED (with ΛR = 2) can be already excluded from the existing data. Also, MVA turns out to be a better technique than regular cut-based analysis since tracks provide uncorrelated observables which would extract more information from an event.
Introduction
In the pursuit of new physics, the two CERN-based experiments namely, ATLAS and CMS have constrained the parameter space of many beyond standard model (BSM) scenarios. However, if the spectrum of new physics particles are compressed then such stringent constraints can be somewhat circumvented. The SM jets and leptons emanating from the cascades of such compressed spectra are too soft to give rise to any reconstructed object. In such a circumstance, one has to rely on a jet recoiling against the system giving rise to a monojet + missing energy ( E T ) signature at the collider assuming the lightest particle is stable within the collider. From the theoretical perspective, such a spectrum can be obtained in low-scale supersymmetric (SUSY) scenarios [1] [2] [3] and in the minimal universal extra-dimensional framework (MUED) [4, 5] .
On the experimental front, most of the searches performed by both ATLAS and CMS on compressed spectra are confined to SUSY scenarios. However, in all such cases, the experimental limits are rather relaxed for compressed scenarios. For example, in the framework of the minimal supersymmetric standard model (MSSM), both ATLAS and CMS have looked into the pair production of squarks ( q 0 1 ) and gluinos ( g) and their subsequent decays to quarks and neutralino ( χ 0 1 ) which is also assumed to be the lightest supersymmetric particle (LSP). In such cases, the typical final state consists of 2 (4) jets with
The presence of gauginos in the cascade can also increase the jet multiplicity in an event. Therefore, the experiments carefully look into the prospect of having 2-6 jets associated with missing energy in the final state. When the g/ q and χ 0 1 masses are well separated then the bounds on squark/gluino masses are as stringent as 2 TeV [6, 7] . However, in compressed scenarios, this bound reduces to a rather relaxed value of 600 GeV [8] . The situation is somewhat similar for MUED also. An important point to note in this context is that the conventional multijet+ E T may be more useful than the prototypical monojet+ E T searches [9] It is only recently that the study of phenomenology of compressed supersymmetry has been taken up. In particular, coannihilation of dark matter calls for compressed spectrum at least in the dark matter sector. The phenomenology of such scenarios has been discussed in earlier works [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . As LHC fails to reveal any signal of new physics, the focus tends to shift to spectra that can hide the expected signals within the experimental uncertainty. Various propositions are put forward in order to gain more sensitivity in those regions of parameter space [23] [24] [25] [26] . Jet substructure techniques and kinematic correlations between jets coming from initial state radiation also provide alternate search techniques [27, 28] .
However, such search strategies are rather limited as it fails to incorporate all the information from an event. Any well-motivated new physics scenario is expected to have particles ranging from the electroweak scale to the TeV scale. The presence of such particles will definitely increase the particle multiplicity in the final state of an event. If the whole spectrum is compressed then instead of giving rise to reconstructed objects, the SM partons would leave tracks in the tracker or in the muon spectrometer. A simple counting of number of tracks which is not a part of any reconstructed object thus gives a hint about the particle multiplicity in an event. Using such information, one can enhance the sensitivity of monojet+ E T search considerably [29] . It is important to note that the traditional variables generally used to differentiate signal and SM background are all energy weighted. A simple counting of number of soft tracks therefore should be totally uncorrelated with the former variables. This, in principle, should work tremendously well in a multivariate analysis (MVA) as will be shown in this work. We therefore propose to make a careful comparison between the cut-based analysis and MVA and show the incorporation of the soft tracks leads to an increase in the purity and significance of the signal. Our analysis is based on 13 TeV run of LHC and hence, we expect that our strategy can work out with the already accumulated data at the LHC.
The paper is organized as follows. We start with a brief description of the two BSM scenarios, namely, MUED and MSSM in sec. 2 and 3, respectively. In sec. 4, we discuss our selection of benchmark points. We present a detailed analysis (both cut-based and multivariate) and results in sec. 5, and in sec. 6 we present our conclusion.
Minimal Universal Extra Dimension
In the universal extra dimension (UED) scenario, one considers an extra, flat spatial dimension (denoted by x 5 ) which is compactified on S 1 /Z 2 orbifold with the compactification radius R [30] . The gauge structure and the particle content of the SM have been kept intact. All SM particles are allowed to propagate into bulk. The 5D gauge couplings have negative mass dimensions, hence, the theory is fundamentally non-renormalizable from dimensional argument. Therefore, the theory is expected to remain valid up to a certain scale Λ. In the minimal version of UED scenario, there are only three input parameters: the compactification radius (R), the cut-off scale (Λ) and the Higgs mass (m H ). Due to the compactification of the extra dimension, fields are periodic in x 5 direction and satisfy periodic boundary condition: Φ(x, x 5 ) = Φ(x, x 5 + 2πR) and this results in the expansion of 5D fields into an infinite series of Kaluza-Klein (KK) modes. The 0-th mode is identified with the corresponding SM particle. Such a tower of infinite KK states appears for each SM particles in 4D. The KK modes carry the exactly same quantum numbers as the corresponding SM fields with some important differences. In particular, the KK fermions are vector-like states, i.e., there are both SU (2) doublet as well as singlet KK fermions in each level. We denote doublet and singlet KK fermions by upper and lower-case symbols respectively. KK gauge bosons are denoted by upper-case symbols unless mentioned specifically.
The mass m n of n-th KK states is given by m 2 n = m 2 0 + n 2 R 2 where m 0 is the mass of the 0-th mode i.e., the corresponding SM particle. For large R −1 , m 2 0 n 2 R 2 ; hence, all the KK masses at a given level n are almost degenerate. However, masses of the KK states receive additional contributions from radiative corrections. The one-loop correction includes both bulk and boundary contributions [31] . The bulk corrections involve oneloop diagrams where the internal loop momenta run around the compactified dimension. These corrections are finite and independent of the cut-off scale. On the other hand, one-loop boundary corrections appear at the orbifold fixed points. These corrections are logarithmically divergent which are determined from the running between the cut-off Λ and R −1 . It is known from ref. [31] that the presence of large boundary terms would significantly affect KK masses and mixings 1 . While it is expected that these boundary terms should be present; however, it is not inconsistent to assume that they are negligibly small at the scale Λ. In MUED, the boundary terms are indeed assumed to be small at Λ and we will work with this assumption in this paper. The radiative corrections for the KK gluon is the largest simply because of its large coupling strength and multiplicative color factor. More explicitly, we note down the non-zero bulk corrections for the gauge bosons as:
where ζ(3) 1.2 and g s , g w , g 1 are the gauge coupling corresponding to the gauge groups SU(3) C , SU(2) L , U(1) Y respectively. The resulting mass splitting is just enough to allow cascade decays to take place. In the MUED scenario, with no boundary terms, the spectrum is completely fixed by the radius of compactification and the cut-off Λ.
One of the interesting features of the UED scenario is conservation of momentum along the extra dimensions which, in turn, leads to conservation of KK number. However, this no longer holds true once loop corrections are taken into account as the compactness of the extra dimension leads to violations of Lorentz symmetry. Further, imposing orbifold boundary conditions in order to remove unwanted degrees of freedom, breaks conservation of KK number. But KK parity (a Z 2 symmetry), defined as (−1) n where n is the KK level, still remains conserved. Any odd level KK mode must be produced in association with another odd KK parity mode at the collider experiments. Conservation of KK parity also leaves the lightest KK particle (LKP) stable and if, weakly interacting, becomes a good candidate for dark matter. The LKP is the level-1 KK photon (γ 1 ) in the MUED scenario and generally serves as an excellent candidate for thermal weakly interacting massive particle (WIMP) [38] [39] [40] . However, severe constraints stem from relic density of the dark matter. Assuming standard cosmology, the relic density of γ 1 can be roughly approximated as, 1 MUED with large boundary terms can produce a completely different kind of spectra and has been discussed in detail in [32] [33] [34] [35] [36] [37] .
When subjected to the constraint regarding the observed value of the relic density measurement of the recent Planck data [41] , it immediately puts a strong bound on the radius of compactification as [42] 1.
Various collider signatures of MUED have been studied extensively over many years [43] [44] [45] [46] [47] [48] [49] . One usually looks for missing transverse energy (coming from LKP) accompanied by decay products from KK particles in the cascade. The p T of the jets/leptons is fixed by the mass splitting which, in turn, is determined by the cut-off scale Λ. A higher value of Λ result in a larger mass splitting which ensures an easier choice of cuts and other wider search strategy to be employed. However, to prevent the scalar potential from being unbounded from below, a lower value of Λ is preferred (ΛR 4) [50] . Such a choice results in a rather difficult situation where the spectrum is squeezed. In this case, the p T of the final state jets/leptons or missing p T are, in general, small and may not pass the selection cuts. Bounds on MUED parameters from LHC run-I and II data are recently discussed in [5, 51] . It has been concluded that monojet and multijet + E T channels seem to be the best channels to probe for such a scenario [5, 52, 53] . In this work, we choose ΛR = 2 which gives rise to very closely spaced KK states.
Minimal Supersymmetric Standard Model
In case of SUSY, the spectrum depends on the choice of SUSY breaking and mediation mechanism. For a high scale SUSY theory, renormalization group (RG) evolution equations are bound to generate a large mass splitting between the colored and non-colored superpartners. Nevertheless, any low scale mediation mechanism, like the, Scherk-Schwarz [54, 55] mechanism can generate a rather compressed spectrum where the effect of RG running is minuscule. In this work, we will not bias ourselves with any particular SUSY breaking mechanism and consider all the soft masses of the sparticles to be at the low scale. However, the choice of the SUSY spectrum should be consistent with the Higgs mass as well as DM relic density and direct detection constraints.
It is well known that in MSSM, the tree level mass of the lightest CP-even Higgs boson is bounded from above by the Z-boson mass. Dominant one-loop contribution mainly from the top-squarks lift the mass of the Higgs boson. In absence of any additional F -term (e.g., NMSSM [56] or the next to minimal supersymmetric standard model), or D-term (e.g., U (1) X extended MSSM) [57] contributions to the Higgs quartic term, the Higgs mass can be well approximated as [58] 
where tan β = v u /v d , i.e., the ratio of the up and down-type Higgs field vev's. M S = √ m t 1 m t 2 and the mixing in top squark sector is parametrised by X t = A t − µ cot β. A t is the trilinear scalar coupling consisting the Higgs and top squark fields and µ is the Higgsino mass parameter. One generally requires multi-TeV top squark masses or large A t to fit the Higgs mass [58] . Depending on the choices of other soft SUSY breaking parameters, we can obtain a compressed spectrum. Such a spectrum is also useful from the point of view of DM relic density as enhanced coannihilation rates would naturally increase the DM interactions thus reducing the relic density. To reiterate, such compressed scenarios are hard to probe at the LHC because of the absence of hard leptons or jets in the final state which are essential in the usual SUSY search strategies. The lack of visible energy in the final state topology relaxes the constraints on the superpartner masses considerably. As a result, compressed SUSY may turn out to be one of the last explanations for the non-observation of superpartners at the LHC.
In our analysis we choose the lightest neutralino to be the DM candidate. If it is bino-like then the annihilation cross section and its contribution to the relic density is well-approximated by [59] 
where M 1 is the bino mass parameter. We note in passing that the limit r ∼ 1 refers to the coannihilation regime. Eq. (3.2) cease to explain the relic density properly in such a scenario because of the presence of additional diagrams. It is also quite straightforward to see that the LEP limit on slepton masses, viz., m l R > 100 GeV [60] and r 0.9 leads to an overabundant universe. Therefore, a dominantly bino-like DM candidate must coannihilate with other MSSM particles. For pure Higgsino and wino DM, the relevant expressions for the relic density are [59 ]
In our study, to maximize the amount of coannihilation, we choose our spectrum as
where the mass difference is small amongst these fields. It may be noted that the DM relic density is a serious concern in MUED because it allows less freedom in arranging the mass spectrum appropriately. However, as shown recently, a 5-dimensional UED can be embedded in a six-dimensional space-time with nested warping. The excitations of graviton in the sixth direction opens up new (co-)annihilation channels for the DM particle and as a result opens up new parameters spaces [61] . In MSSM, the overabundance issue can be circumvented because of the freedom to choose soft mass parameters at the low scale. We note in passing that for both MUED and MSSM, the dark matter constraints are based on standard cosmology. For example, if the reheating temperature after inflation is lower than the freeze out temperature of WIMP (LKP or LSP), then the relic abundance of the dark matter is reduced. This significantly relaxes [62] the stringent constraints coming from the overclosure of the universe.
Benchmark points
In this section, we carefully select suitable benchmark points (BP). Our intention is to generate a compressed mass spectrum which is, otherwise, difficult to search for at the LHC and to provide viable solutions in such situations. We also include constraints from direct dark matter searches as given by XENON1T [63] experiment. For MUED benchmark, we consider R −1 = 1.2 TeV and 1.45 TeV for BP1 and BP2, respectively. Note that, the latter choice of R −1 results in a relic density within 3σ of the experimentally observed value. Larger values of the same would give rise to an overabundant universe. Further, we choose the cut-off to be Λ = 2R −1 unlike the conventional number 10R −1 − 20R −1 . As mentioned earlier, we choose this value of Λ to generate a sufficiently degenerate spectrum.
For such choices, the typical MUED spectra follows a hierarchical structure such as
Instead of the doublet Q 1 , the singlet KK quarks q 1 would also appear in the decay chain. Similarly, both W 1 , i.e., the KK W -boson and Z 1 would appear in the cascade. The relevant branching ratios are noted later in this section.
While choosing MSSM benchmark points, we keep the following hierarchy of masses:
. The masses are sufficiently compressed so that LHC bounds do not work. We must mention that our analysis remains valid even if, the hierarchy of masses and the cascades are altered. The important point is to have sufficiently soft final state particles in the event. For example, choosing a lighter squark mass compared to the gluino mass would result in smaller cascade length. Hence, smaller number of soft tracks (ξ) would be observed in the final state. The values of M 1 , M 2 and µ are mostly governed by amount of mixing in the lightest neutralino required for satisfying relic density and direct detection constraints. In case of BP1 in MSSM, both the lightest neutralino (LSP) and the lightest chargino (NLSP) are wino-dominated. Both the masses are governed by M 2 and hence, highly degenerate. The only accessible decay mode for the chargino is π + and the LSP. On the other hand in BP2, the LSP is bino dominated whereas the chargino continues to be wino dominated. Therefore, χ + 1 mainly goes toχ 0 1 via an offshell W . In addition, the overall mass splitting in the entire spectrum ∆m ≡ m g − m χ 0 1 has been kept somewhat different across the two MSSM benchmarks. This, as shown later, gives rise to slightly different ξ distributions. A higher value of the stop trilinear parameter is required to ensure that the Higgs mass is around the experimentally allowed region. Therefore, t 2 is much heavier than t 1 due to the eigenvalue repulsion in the stop mass matrix and as a result t 2 does not appear in the cascade. The input parameters, masses and numbers for comparison with various experimental data are listed in Table 1 for both the MUED and MSSM scenarios. The branching ratios of the various new physics particles for the two benchmark points are also shown in table 2.
An important distinction between the MUED and MSSM benchmark points is the following. For our choice of parameters it turns out that level-1 KK W or Z boson will definitely appear in the cascade. This would give rise to soft leptons in the final state, which, in turn, gives rise to a smaller number of soft tracks as opposed to a purely hadronic Table 2 : Some important branching ratios for MUED and MSSM benchmark points.
Collider Analysis
To probe a compressed spectrum, the typical search strategies rely on monojet/multijet signals associated with missing energy. As a result, one has to rely on an associated jet which recoils against the massive initial state system. Hence, the experimental event selection criterion is optimized with the requirement of having at least one jet with large transverse momentum (p T ) and a veto on isolated leptons and photons. Such a scenario, usually has a stable particle in the final state which gives rise to missing energy. Therefore, E T along with large H T where H T includes p T of soft tracks which are not inside any reconstructed objects
are useful variables. In addition, M eff is defined as
Missing energy content in a BSM scenario is typically larger than in SM. In case of a monojet + E T search, the jet recoiling against the heavier non-standard particles would have much higher p T compared to the ones recoiling against Z or W . As H T is defined as the Figure 1: A sample of the relevant topologies in both MUED and MSSM scenario. J refers to the initial hard jet which triggers the event. j and refers to soft jets and leptons which gives rise to tracks at the final state. scalar sum of the transverse momenta of all visible particles, it is also noticeably different compared to the usual SM backgrounds. Similarly, M eff is also a good discriminator in the same sense. However, all these variables are p T weighted and do not carry the full information of the event. A simple counting of the number of soft tracks gives an estimate of particle multiplicity in the event. For example, most of the BSM scenarios follow the typical hierarchical spectra where heavy colored particles are produced at the top of the decay chain through strong interactions and subsequently decay down to final state stable objects which does not decay within the detector and as a result carry missing energy. Since the usual SM background is devoid of such a long cascade chain, the number of charged tracks is obviously much smaller as compared to the BSM signal. We reiterate that such tracks are associated with the primary vertex and are not part of any reconstructed objects. Associating the tracks with the primary vertex also gives robustness against pile-up and underlying events. We shall exploit this idea for different benchmark scenarios and compare the significance with and without the information of number of soft tracks.
We have used Feynrules-2.3 [66] to generate the MUED model file. For generating low scale MSSM spectrum, SPheno-4.0.2 [67] has been used. We have generated events using Madgraph-2.3.3 [68] with the model files so generated at 13 TeV LHC 3 . We have used NN23LO1 parton distribution function [72] which is available inside Madgraph for all the processes. For MUED we have produced all the combination of KK gluons and quarks up to two jets. Similarly, all the relevant combinations of squarks (first two generations)-gluinos are also produced up to two jets.
A hard partonic cut p j T > 50 GeV is used to produce the event files. For SM background, we have simulated W +jets, Z+jets, tt+jets and QCD events. In principle, single top and SM di-boson production in association with jets would also contribute to the background. However, they are subdominant after implementing the event selection criteria. Both signal and background events are passed through Pythia-8.2 [73] for hadronization and showering. In order to perform a semi-realistic detector simulation, we have used Delphes-3.3 [74] with the default ATLAS card. Jets have been prepared using Fastjet-3.2.1 [75] with anti-k T jet algorithm [76] with jet radius of R = 0.5. Tracks with p T > 0.5 GeV are selected with a p T − η dependent tagging efficiency. Tracks are also binned in p T as we will discuss later. The relic density for all the BPs are calculated with the help of micrOMEGA-v4.1.4 [77] .
Kinematic distributions
• We prefer a harder cut (than the generation level cut) of p j T > 100 GeV on a final jet. We also make sure that the final state is devoid of any isolated photons or leptons. From fig. (2) , it is clear that M eff peaks at a higher value for the signal pertaining to our benchmark scenarios compared to the SM background. These distributions essentially help in selecting cuts required to dig out the signal usually buried under large background. For example, it is rather obvious from fig. ( 2) that strong cuts, such as, M eff > 800 GeV and H T > 400 GeV could eradicate most of the SM background.
• Moreover, the number of charged tracks in a cascade for both MUED and MSSM can be drastically different as compared to the SM processes. Longer cascades produce additional particles. But, the p T of those objects are less for a compressed scenario and as a result, such particles are too soft to give rise to any reconstructed objects. Compression to a certain extent (∆m ∼ 100 GeV) and a longer cascade would naturally give rise to larger number of soft tracks. In a super-compressed scenario (∆m ∼ 25 GeV), the tracks would be too soft and might not pass the threshold of track p T and as a result, efficiency would deteriorate [29] . Of course, tracks are essential ingredients to fully reconstruct an object and have been used extensively for identification. However, our goal is to count the number of soft tracks which are associated with the primary vertex but, at the same time, are not used in any reconstruction process. This can be made sure by imposing the condition that angular separation between the monojet and the soft tracks are greater than the size of the jet itself. For simplicity, we will use 'tracks' instead of soft tracks from now on.
• An important point to note is that the number of tracks in an event is an infrared unsafe quantity [29] . To elaborate, the properties of the tracks should not change when it passes through soft emission. Raw counting of the tracks as well as the parameters which depend on the track count are not infrared safe. However, charge particle count with a minimum p T is safer with respect to soft emissions [78] . Therefore, we have used p T -binned tracks where the p T works as an effective cut on the number of tracks. As for robustness of this variable, we expect the ξ distribution to vary by roughly 10% [78] if different event generators such as Sherpa [79] and/or Herwig [80] are used. However, even then, significant discrimination between the signal and background can The distributions of ξ are displayed in fig. (3) . QCD background gives a lot of soft tracks as can be seen from the figure at top-left. Other SM processes, in general, contain less number of tracks; or, in some cases, no track. Maximum number of tracks appearing in the new physics scenarios we consider here are in the p T range of 1 − 5 GeV. Also, the figure of ξ(1) shows that MSSM BP2 contains more number of soft tracks compared to BP1 as the degree of compression in BP2 is more. Background form strong interaction processes, i.e., QCD can be eliminated with a missing energy cut of E T > 400 GeV and ∆φ(j, E T ) > 1.0. The second cut ensures that p T of the jet is not aligned with MET, i.e., missing energy is not sourced from jet-p T mismeasurement. Such a cut also reduces other SM backgrounds expect Z+jets. Hence, we will consider only Z+jets background for this work.
Below we note down the cuts used in the analysis:
GeV is used during the event generation in
Madgraph.
• C1: Events are selected with only single jet with p j T > 100.0 GeV. Veto on isolated leptons and photons have also been applied.
• C2:
We have noted down the background and signal cross-sections after the use of all these cuts in table 3 and 4. The modified distributions after implementing the cuts C0, C1 and C2 are illustrated in fig. (4) .
The reach of exploring new physics at the LHC increases with increasing centre of mass energy as well as integrated luminosity. However, at high luminosity the measurement of Table 3 : Cross-sections for SM backgrounds after subsequent implementation of the cuts at 13 TeV.
kinematic observables namely p j T , E T become extremely challenging due to the presence of large number of additional soft collisions occurring simultaneously with the hard collision, or pile-up. Delphes uses a fast jet area method to disentangle pile-up interactions with the interactions originating from high-Q 2 processes. This is quintessential for pile-up subtraction. Table 4 : Cross-sections for the MUED and MSSM benchmarks at 13 TeV after subsequent implementation of the cuts as mentioned in the text.
which are outside a spatial distance z, set by the minimum resolution of the tracker. In a previous work [29] it was shown that the identification of primary vertex gives robustness against pile-up and the counting the number of soft tracks binned in p T is indeed a pile-up stable object. In this work we did not take pile-up into consideration. Table 5 : Luminosity required to achieve 5σ significance for the cut based analysis (with and without tracks) for MUED benchmarks.
Cut based Analysis
In the usual cut based approach, we employ well-known p T -based observables E T , H T , M eff to get appropriate signal significance over SM background. Furthermore, to see the effect of tracks as useful discriminating variable, we also provide significance numbers with and without tracks. A naive estimation from fig. (4) reveals that ξ(1) and ξ(5) are the most effective variables amongst tracks. Table 5 and 6 show the luminosity required to achieve 5σ significance for the optimized set of cuts for two MUED and MSSM benchmark points respectively. It is clear that tracks turn out to be robust observables than other variables.
We can see from table 5 that 500 fb −1 of integrated luminosity will be required to rule out BP2 in MUED. Similar outcome can hold true for the MSSM benchmarks as well. A careful glance at tables 5 and 6 reveals that ruling out MSSM requires more luminosity at the LHC as compared to MUED. The cuts affect both the signal topologies in a similar manner. But, the MUED cross section (after cut) is much larger than the corresponding MSSM numbers as can be seen in table 4. Table 6 : Same as in table 5 for MSSM benchmark points.
Multivariate Analysis
To optimize our search strategy and to show the relevance of adding soft tracks as a powerful discriminating variable, we perform a multivariate analysis using the Boosted Decision Tree (BDT) algorithm implemented in the Toolkit for Multivariate Analysis (TMVA) [81] within
A decision tree is essentially a classifier based on the decisions taken from a series of questions asked (or, conditions satisfied) in order to classify a set of data.
In our case, this classification is whether a data is coming from signal or background. The questions are in the form of whether a data satisfies a particular cut or not and accordingly segregate the data. The tree starts from what is called a root node and finally, it arrives after a sequence of such segregations using some discriminating variables (which in our case, are the observables M eff , H T , ξ etc.) applied to the data. Those variables are used that give the best separation between signal and background. However, results from a single tree are susceptible to statistical fluctuations. Therefore, it is better to take the majority vote from several trees which forms a forest. Boosting of a decision tree is also helpful to minimize such errors as it gives a larger weight to the missclasified events for the next iteration. It is also important to train the decision tree with a sample data as it refines the splitting criterion each time on repetition. This process is repeated until the best separation between the signal and background is obtained. Among many separation criteria, the Gini Index defined as p × (1 − p), where p is the purity of the sample, is widely used.
We choose the following BDT parameters: number of trees in the random forest NTrees=400, maximum depth of the decision tree is chosen to be MaxDepth=5 and the minimum percentage of training events in a leaf node is MinNodeSize=2.5%. We keep all the other variables at their default values. In addition, we consider AdaBoost method for boosting the decision trees in the forest with the boost parameter AdaBoostBeta=0.5. Set A consists of the traditional variables such as p j T , E T , M eff and H T . In addition, we have also taken the information of soft tracks in set B.
The correlations of our variables is shown in fig. (5) . The correlation between two such random variables, e.g., X and Y is measured with the correlation coefficient ρ as [81] To compare the change in signal significance without and with soft tracks we have introduced two sets of variables. Set A includes the conventional set of variables whereas Set B includes the p T binned track information along with the conventional variables.
⇠ (1) ⇠ (1) ⇠ (5) ⇠ (5) ⇠(5) where cov(X, Y ) = E(XY ) − E(X)E(Y ), E is the expectation value. Fig. (5) shows that the traditional variables are strongly correlated because of their very definition. However, the ξ variables are uncorrelated with the rest and carry the information of particle multiplicity in an event. Therefore, in general it is expected to perform much better in a Multivariate Analysis. We note in passing that a slight correlation between H T and ξ(5) can be observed because H T takes into account track p T s.
In fig. (6) we show the background and signal efficiencies along with the signal significance for two benchmark scenarios concerning MUED as a function of the BDT output. The BDT output depicts a mapping function of the n-dimensional phase space of the measured variables onto one-dimension. In general, one can consider any particular value of the BDT output as cut. However, one can see from fig. 6 that a specific value of the BDT output gives highest significance. The left panel figures take into account the information regarding p T binned soft tracks whereas the right panel figures only include the conventional observables. It is clear that by taking ξ into account, one gains in signal efficiency for the same background rejection. In other words, the purity of sample increases with the inclusion of ξ. Most importantly, the signal significance increases by roughly 50% when ξ's are taken into account for an optimized BDT cut value. To reiterate, BP2 marks the However, in case of MSSM, the choice of soft mass parameters is not fixed unless we confine ourselves to a particular type of SUSY breaking. We took that liberty and tuned the soft parameters to obtain a rather compressed spectrum which is also compatible with cosmological observations. However, our goal is to show that a substantial increase in the signal significance can be obtained if soft tracks are used as an input in the MVA method. Our results has been elucidated in fig. (7) . It is obvious that signal significance increases with Set B cuts. BP1 for MSSM can be probed with conventional observables at a level of 4σ significance with the integrated luminosity of 100 fb −1 data. Remarkably, the signal significance can be enhanced to roughly 6σ with ξ(0.5), ξ(1), ξ(5) for the same integrated luminosity. This points towards an 50% increase of the signal significance. 
Conclusion
• In situations where the mass spectrum of a new physics scenario is almost degenerate, namely compressed spectrum, provides a challenge to extract the signal from the overwhelmingly large SM background. The main irreducible background in such case is Z+jets. Such a huge background reduces efficiency and hence, results in weaker bounds on exotic particle masses. In this work, we have considered two benchmark points in the MUED and MSSM frameworks with compressed spectrum. Our choice of benchmark points are consistent with all the present collider and DM bounds. Such scenarios are conventionally studied with an associated hard jet that helps the rest of the system (hence, final decay products) gain enough recoil energy to register in the detector. In our case, the final state objects could not be reconstructed because the compression imparts very low p T . The goal of this paper is to show that by counting (soft) particle multiplicities (as tracks) along with a hard jet in the final state increases the signal sensitivity and enhances the significance.
• The observables p T , H T , M eff are all energy weighted and therefore, highly correlated. We particularly emphasize that p T -binned track observables (ξ) are uncorrelated and carries more independent information about an event. Therefore, inclusion of ξ from the soft objects could provide a very effective handle for examining quasi-degenerate masses. The two representative benchmark points for MUED and MSSM scenarios are exposed to both cut-based and multivariate analysis. We observe significant improvement in the cut-based analysis when the ξ variables are added with the traditional variables. To illustrate, BP2 in MUED can be ruled out by 5 σ significance with 1/10th of integrated luminosity when track variables are taken into account. We then perform a state-of-the-art multivariate analysis to optimize our search strategy. Our conclusion is that MVA performs much better as it could rule out more parameter space effectively with moderate luminosity.
• Constraints from DM relic density and collider searches has left little room for MUED. However, LHC sensitivity is rather weak in compressed scenarios. We show in our analysis that such a compressed version of MUED with ΛR = 2, can be easily ruled out with ∼ 20 fb −1 of data which is already collected at the LHC at 13 TeV center-ofmass energy. We show this with our choice of BP2 for MUED with R −1 = 1.45 TeV.
Higher values of R −1 leads to an overabundant universe under the assumption of standard cosmology.
• Finally and perhaps most importantly, there is a straightforward way to estimate the number of soft tracks binned in p T in a data-driven way. We have checked that using Z → µ + µ − associated with a jet events [29] , one has to count the number of soft tracks which are not inside the jet as well as not inside the muons. This gives an excellent estimate for all the ξ variables.
Therefore, we advocate that information on number of soft tracks can be used as a powerful variable to distinguish compressed scenarios appearing in various frameworks. Particularly, performance of MVA technique becomes much better if such track variables are taken into account.
